The idea behind our experiments is to exploit the strong interaction between a solid-state plasma and THz radiation (17) . Because of this interaction, left-and right-handed circularly polarized THz waves have different complex refraction indices when a magnetic field is applied (18) . Recently, this characteristic property has been proposed to realize broadband THz modulators and phase plates based on electron-doped InSb crystals (19) . However, there are two problems in the realization of such devices for practical applications. First, the giant Faraday effect in InSb does not survive at room temperature. Second, this approach requires fast modulation of the applied magnetic field with an amplitude of several hundreds mT, which is a rather challenging demand.
In semimetals with zero (or very small) band gap, such as HgTe, the electron plasma exists in undoped samples, due to the thermal activation of electrons. The ability to use such undoped HgTe layers results in a very high electron mobility and, consequently, we have been able to demonstrate the giant Faraday effect even at room temperature (16).
To achieve control over the Faraday effect in a constant magnetic field, we have now fabricated devices fitted with transparent gate electrodes, which allow to change the carrier density and thus the properties of the electron plasma in the HgTe layer. By applying a moderate voltage |U| < 1 V to these gates we are able to control the Faraday rotation and Faraday ellipticity, i.e., amplitude, phase shift, and polarization of the THz radiation at room temperature. As shown in Fig. 1 bc, we observe a substantial variation of the amplitude of the transmitted signal as a function of gate voltage, both in parallel (t p ) and in crossed (t c ) polarizer geometry.
Consequently, the Faraday rotation and ellipticity can be controlled by using a moderate electric voltage. In a first approximation, the observed changes may be attributed to the gate dependence of the effective charge density in the HgTe film. As will be shown below, not only the density, but all electrodynamic parameters of the HgTe are affected by the gate voltage. We mention already at this point that the response of the THz signal is asymmetric with the sign of the gate voltage, which is probably due to carrier trapping at the interface between HgTe and the gate insulator. We also observed hysteresis effect when tuning the gate voltage beyond certain critical value.
In order to characterize the electron dynamics in HgTe under applied gate voltage, a set of experiments at different magnetic fields B and THz frequencies ω has been carried out. Figure   2 demonstrates the magnetic field dependencies of the magnetooptical signal of the HgTe film at three different gate voltages. The transmission amplitude for parallel polarizers ( for an independent determination of τ . Again, a strong variation of the maximum is observed in the field dependence of t c , which confirms the variation of the scattering time with gate voltage.
In addition to the transmission amplitude, phase information has been obtained using a
Mach-Zehnder interferometric arrangement. From these experiments, the polarization state of the transmitted THz radiation can be fully polarized, including Faraday rotation and ellipticity.
These data are shown in Fig. 3 for the parameter range accessible in our setup (|B| < 7 T and
The data in The observed gate dependence of the magnetooptical spectra can be well interpreted within the Drude model. The details of the characterization procedure and extraction of the electrodynamic parameters are given in the Supplementary Material. In brief, we fit simultaneously the magnetic field dependencies using charge density (n 2D ), scattering rate (1/τ ) and cyclotron frequency (in terms of Ω c /B) as the only fitting parameters. By repeating this fit for different gate voltages, we determine how these parameters depend on U, as shown in Fig. 4 . Twodimensional electron conductivity derived from the other parameters as
is also shown in Fig. 4 .
As expected, a strong variation of the electron density with gate voltage (nearly a factor of two) is observed (Fig. 4a) . Assuming the simple capacitor formula ∆n 2D = ε 0 ε All results presented here have been obtained at room temperature, suggesting practical applications, such as fast phase and amplitude modulation or direct control of the polarization state by gate voltage and/or magnetic field. As the observed tuning of the THz radiation is due to modulation of the electron conductivity in the HgTe layer and is obtained by purely electrical means, it should be possible to achieve rather high modulation speed, comparable to this obtained with high electron mobility transistors (HEMT). The modulation amplitude is as large as several degrees per Volt, and we believe that it can be further improved by optimizing parameters of the gate material, insulating barrier and HgTe layer.
Supporting Online Material
The sample studied in this work is a coherently strained 100-nm-thick nominally undoped HgTe layer, grown by molecular beam epitaxy on an insulating CdTe substrate (21) . A 3 nm thin To interpret the experimental data we use the ac conductivity tensorσ(ω) obtained in the classical (Drude) limit from the Kubo conductivity of topological surface states (see e.g. Ref.
(24)). The diagonal, σ xx (ω), and Hall, σ xy (ω), components of the conductivity tensor as functions of THz frequency ω can be written as:
Here Ω c = eBv F /hk F is the cyclotron frequency, σ 0 is the dc conductivity, B is the magnetic field, v F , k F , e, and τ are the Fermi velocity, Fermi wave-number, charge, and scattering time of the carriers, respectively. For the Dirac spin-helical surface states the Fermi wave-number depends on the 2D carrier density, n 2D , through relation k F = √ 4πn 2D , with no spin degeneracy. For massive carriers the cyclotron resonance frequency can be written as Ω c = eB/m, where m is the effective electron mass in the parabolic approximation.
For a free standing film and neglecting any substrate effects, the complex transmission coefficients in parallel (t p ) and crossed (t c ) polarizers geometry can be written as:
Here Σ xx and Σ xy are effective dimensionless 2D conductivities, defined as: Σ xx = σ xx dZ 0 and Σ xy = σ xy dZ 0 with the HgTe film thickness d = 100 nm and the vacuum impedance According to Eq. (4), the transmittance in parallel polarizers (t p ) depends mainly on Σ xx .
The minima in |t p | roughly correspond to the cyclotron resonance energy and they scale with magnetic field. This may be understood by taking into account that for our film Σ ≪ 1 and Eqs.
(4,5) simplify to:
In the limit ωτ ≫ 1, Eq. (2) may be approximated by
which leads to a resonance like feature in σ xx and t p for Ω c = ω. Thus, the positions and widths of the minima in Fig. 2a are directly connected to Fermi velocity (v F ) for linear dispersion [or the effective mass (m) for parabolic dispersion] and the scattering rate (τ −1 ) of the electrons.
The polarization rotation θ and the ellipticity η are obtained from the transmission data using:
sin(2η) = 2ℑ(χ)/(1 + |χ| 2 ) .
Here χ = t c /t p and the definitions of θ + iη are shown schematically in Fig. 1a . A direct interpretation of the complex Faraday angle is in general not possible because of the interplay of σ xx and σ xy in the data.
In the low frequency limit (ωτ ≪ 1) Eq. (3) simplifies to the static result:
